Abstract-This paper presents a novel bimodal dynamic imaging (BDI) system for estimating the mechanical and spectral properties of an embedded inclusion. The BDI system consists of a near infrared laser diode as a source, a tactile imaging sensor (TIS) as a detector, and a mechanical scanning platform for dynamic positioning. The tactile imaging sensor includes a flexible and transparent sensing probe, a light module, and a camera. By combining the tactile, spectral, and dynamic position information, the BDI system can measure size, depth, elastic modulus, and absorption coefficient of an embedded inclusion. We validated the measurement method by a bimodal tissue phantom with an embedded inclusion of known mechanical and spectral properties. The mechanical properties measured with the BDI method was compared with the TIS measurements. The BDI method improved the size, depth, and elastic modulus estimation errors by 6.43%, 21.83%, and 22.01%, compared with the TIS method. We showed that the BDI method can be extended to determine chromophore concentrations using the lasers of multiple wavelengths.
I. INTRODUCTION
O VERDIAGNOSIS has been gaining attention among cancer researchers in recent years [1] . Overdiagnosis is the diagnosis of a disease, which never becomes fatal during the patient's life-span. Because of this phenomenon, patients go through treatments with harmful side-effects; eventually becoming a psychological and economic burden for the patients. A recent study suggests a widespread overdiagnosis in the USA, which was performed on 16 million women across 547 US counties [2] . Therefore, physicians need to identify consequential cancer, which is likely to progress within the patient's lifetime to cause harm; at the same time the inconsequential cancer should undergo 'watchful waiting' [3] . Accurate tumor characterization can help in making the predictions about consequential and inconsequential cancers.
Multimodal imaging offers a better tumor characterization by combining two or more complementary imaging techniques [4] . The diffuse optical tomography researchers improved the image reconstruction performance using prior anatomical information from various imaging techniques, such as magnetic resonance imaging, ultrasound, and X-ray [5] - [9] . Brooksby decreased the diffuse optical image reconstruction error by 32% by using prior information from the magnetic imaging resonance [7] . Multimodal imaging also improves the sensitivity and specificity for discerning benign and malignant tumors. With the ultrasound guided diffuse optical tomography, Zhi et al. showed an increase in sensitivity from 96.3% to 100% compared to the standalone diffuse optical tomography; at the same time the specificity increases from 65.9% to 93.9% in differentiating benign and malignant breast tumors [9] .
In this paper, we develop a novel multimodal imaging system called Bimodal Dynamic Imaging (BDI) for a better mechanical and spectral characterization of tumors. The tactile and diffuse optics modalities in the BDI system complement each other by providing mechanical and spectral information on tumor. In the tactile mode, it estimates the mechanical properties such as size, depth, and elastic modulus of tumors. The cancerous breast tumor tends to be stiffer than its surrounding tissues [10] . Also, the size and elastic modulus can be used in differentiating malignant and benign tumors [11] . In the diffuse optics mode, BDI can provide physiological information such as chromophore concentrations of biological tissues from absorption and reduced scattering coefficients [12] . The total hemoglobin concentration and blood oxygen saturation, derived from the chromophore concentrations, can be used for distinguishing benign and malignant tumors. The combination of tactile and diffuse optics modalities has the potential to provide a more-accurate tumor characterization.
Previously, Lee and Won developed a tactile imaging sensor to estimate the mechanical properties of tumors [13] . The sensor exhibited a relatively low sensitivity (67%) for differentiating malignant and benign tumors [14] . Our bimodal dynamic imaging system uses the tactile and spectral data and dynamic positioning of the source and the detector to estimate the mechanical properties of tumors. Additionally, the diffuse optics mode of the system provides the chromophore concentrations such as oxygenated and deoxygenated hemoglobin concentrations. We believe that this is the first work that shows that combining the tactile, diffuse optics, and dynamic positioning information can improve the mechanical characterization of tumors. Thus, the contribution of this work is to develop a new bimodal imaging method for tumor characterization. Preliminary results were published with a brief explanation of the method in [15] and [16] . The size and depth estimation results can be found in [16] ; the elastic modulus and absorption coefficients of the tissue and the tumor region of the phantom were reported in [15] . The published size and depth estimation results were based on data from single measurement experiments. In this paper, we expand our analysis using data from the multiple measurements. Also, we estimate size using two laser wavelengths, 635 nm and 808 nm. We discuss in detail the numerical analysis of the tactile mode, the derivation of spectral properties estimation, and the bimodal imaging method for determining size, depth, elastic modulus, absorption coefficient, chromophore concentrations of the embedded inclusion. The experimental results show the improvement in tumor mechanical characterization using the bimodal dynamic imaging method.
The paper is organized as follows: Section II describes the design and principle of BDI. Then the proposed mechanical and spectral properties estimation methods are discussed in Section III. Next, the proposed approach has been validated with experiments on a bimodal phantom in Section IV. Finally, discussions and conclusions are presented in the last two sections.
II. BIMODAL DYNAMIC IMAGING SYSTEM DESIGN AND SENSING PRINCIPLE

A. System Design
In this section, we describe the bimodal dynamic imaging system. Fig. 1 shows the block diagram of the system. An infrared light source is used to illuminate a target. The light source is mounted on a source maneuvering system. A detector, mounted on a maneuvering system, is placed on the opposite side of the target. From the detector, tactile images, diffuse optics images, and force information are collected; at the same time the position and orientation information are obtained from the source-detector maneuvering system. From the diffuse optics images, the spectral properties such as the absorption coefficient and scattering coefficient of the target are determined. These spectral properties are then combined with tactile data, position and orientation information to determine the mechanical properties such as the size, depth, and elastic modulus of the target are determined.
In our current setup, 635 nm and 808 nm laser diodes with <5 mW power are used as the infrared light sources. We selected infrared region because photons can travel deep into the tissue in this spectral window as a result of relatively reduced absorption by water and hemoglobin [17] . In this research, one of our goals is to determine hemoglobin concentration. Shorter wavelengths than 900 nm were suggested for hemoglobin concentration calculation [18] . Finally, the selection of 635 nm and 808 nm laser diodes was a trade-off between the quantum efficiency of the camera and the availability of filter wavelengths from vendors. A CCD camera is used in the detector subsystem. The CCD camera is used to capture tactile images and diffuse optical images. The tactile imaging sensor used in BDI consists of a sensing probe, a LED unit, and a lens-coupled CCD camera unit. The LED unit has four white LEDs (4 × 1500 mcd) with a dimmer circuit. The LED unit illuminates the sensing probe. An applied force on the probe causes the light inside the probe scattered towards the CCD camera, and a tactile image is formed. The sensing probe utilizes one layer of soft and transparent polydimethylsiloxane (PDMS) optical waveguide with dimensions of 20 mm × 23 mm × 14 mm and elastic modulus of 27.16±0.57 kPa. The CCD camera (Guppy F-044, Allied Vision Technologies, Exton, PA) with resolution of 752 pixels × 480 pixels is used for capturing diffused light.
An external force gauge (Mark-10 Series 3, Mark-10, Long Island, NY) attached on the top of the camera body measures the applied force. The range of the measured force is from 0 to 50 N with the resolution of 1.0 × 10 −3 N. The laser diode is mounted on a mechanical scanning platform, which includes a 2-D linear motion controller and a two-axis gimbal (Newmark Systems Inc., USA). The linear motion controller is used for controlling the laser position along the parallel axis of the phantom. The two-axis gimbal is used to control the angular position of the laser diode with respect to the phantom. The motion control setup for the laser diode was programmed to move autonomously. The detector, however, was moved manually in the experiments. The autonomous detector motion control is left as future work.
B. TIS Sensing Principle With Numerical Simulations
In this section, we describe the tactile sensing principle used in the tactile mode of the imaging system. Then, we explain the principle using light propagation analysis and numerical simulations. The optical waveguide of the sensor is surrounded by the air with a lower refractive index than that of the waveguide. The incident light is directed into the waveguide so that the total internal reflection occurs. Without any pressure on the waveguide, the light is totally internally reflected within the waveguide, and the camera does not capture any light from the waveguide. The pressure applied on the waveguide makes the internally reflected light scattered towards the camera, which eventually creates a tactile image. Fig. 2 shows an optical waveguide schematic consisting of a single layer PDMS with a glass plate layer on top. The layer 1 is PDMS with the refractive index η 1 and the height h 1 , and the layer 2 is borosillicate glass plate with the refractive index η 2 and the height h 2 . The refractive indices η 0 and η 3 are the refractive indices of the surrounding medium around the waveguide. Since the surrounding medium is air, η 0 = η 3 = 1. The waveguide layers are positioned in the order of increasing refractive index, η 1 > η 2 > η 3 . The light propagates in z-direction, and the layers are positioned in the x-direction. An infinite length in planar y-direction is assumed.
For monochromatic waves with frequency ω, we can write the Maxwell wave equation as [19] 
where E is the electric field, η is the refractive index, k 0 = ω c , and c is the speed of light in vacuum. We look for a planar wave solution since the waveguide is uniform in z-direction and the solutions are independent of y direction. The field distribution varies only across x-direction. Therefore, we obtain the following ordinary differential equation,
where ε(x) is the x-component of the electric field. The regions x < 0 and x > a 2 are outside the waveguide where the solution decays exponentially, and the regions 0 < x < a 1 and a 1 < x < a 2 are inside the waveguide where the solution oscillates sinusoidally. Then, we write the solutions for (2) as follows:
Then, we determine the amplitude ε i and μ i for i = 0, 1, 2, 3, and φ 1 , φ 2 from the boundary conditions and the Maxwell equations for magnetic field [20] ,
After the manipulation, we have the following results for the boundary conditions:
where the values of μ and φ can be found from the following relations:
Also, the field amplitudes at the boundaries are: We simulated the imaging principle numerically using (5)- (14). We assumed that the waveguide was deformed with a 20 mm radius tip for 10 mm vertical deformation depth at a distance of 1000 mm. From Fig. 3 , we see that the injected light hit the deformed area, which caused the scattering of light from the waveguide surface. Fig. 4a shows that the light is completely reflected and there was no scattering light in the top surface. Fig. 4b shows when the waveguide was compressed, a tactile image was created from the scattering light from the waveguide. These simulations show that the tactile mode of the bimodal dynamic imaging system is capable of generating the tactile images.
C. Spectral Properties Determination
In this section, we describe a method for determining the spectral properties of embedded inclusion. The spectral properties are absorption and reduced scattering coefficients. As shown in Fig. 5 , we consider a continuous wave point source located at r s,laser . The light is incident on the surface of the phantom (turbid medium) at position r s . We define the origin O at the exit plane of the turbid medium. Inside the medium, the propagation of light is affected by randomized scattering event and absorption. When photons reach the exit plane of the turbid medium at r d , they are detected by a CCD camera at r d,ccd . For a continuous wave point source and homogeneous medium, we write the photon diffusion equation as:
where is the fluence rate, S is the total power per volume emitted radially, the light velocity in the medium is υ, and δ(r ) is the Dirac delta function because of the point source assumption [21] . Here, μ e is the effective attenuation coefficient, which is defined by,
where μ a is the absorption coefficient and D is the diffusion coefficient defined by,
where μ s is the reduced scattering coefficient. The validity of the photon diffusion equation depends on the condition: μ s μ a . Using this condition and the relations in (16) and (17), we obtain:
In order to determine μ e analytically from the photon diffusion equation in (15), we need to find Green's function, which can be used to construct the general solution. We assume the extrapolated boundary condition. The cylindrical coordinates are used to specify position, i.e., r = (ρ, y), where ρ is the lateral separation between the source and the detector. We suppose a collimated beam is incident upon the turbid medium at r s = (ρ = 0, y = 0), and then consider a single normalized isotropic point source at position r s = (ρ = 0, y = y 0 ). For a detector at (ρ, y), the Green's function can be written as:
Here, r 1 is the distance between two points located on the light incident and exit surface of the phantom or medium, and r 2 is the distance between two points located at exit surface and detector sensor. They are defined as,
Here, y b is the distance from the air-phantom boundary to extrapolated boundary and y 0 = 1 μ s
. For details about the extrapolated boundary condition, see [21] . Assuming the turbid medium is well modeled by the homogeneous semiinfinite geometry, the fluence rate can be written as:
In case of the large source detector separation, we have ρ (2y b + y 0 ). By setting y = 0, from (20) we get,
The higher order terms are neglected in the above expansion. Similarly, from (21), we write
Using the relations in (23) and (24), Eq. (22) can be written as
Here, the constant term is written as A 0 = υ S 4π D . Also, the higher order terms in the exponential and binomial expansion are neglected. Inside the squared brackets of (25), we neglect the third, fourth, seventh, eighth terms using the large sourcedetector separation assumptions ρ (2y b + y 0 ) and ρ y 0 . Eq. (25) 
Durduran et al. performed similar diffuse optics analysis for frequency modulated light source in [21] . We see that for continuous wave light source, Eq. (26) takes similar form as Eq. (23) in [21] . Now, multiplying both sides of (26) with ρ 2 and then taking logarithm, we obtain
The third term on the right hand side of (27) is neglected because of the large source-detector separation assumptions ρ (2y b + y 0 ) and ρ y 0 . In this case, the third term on the right hand side of (27) becomes much smaller compared to the second term on the right hand side. Then, we write
Now, Choe et al. showed for a lens-coupled CCD camera, the CCD readout is proportional to fluence rate [22] . For a specific CCD system, the CCD readout voltage is proportional to the fluence rate,
The CCD pixel value is the digitized version of CCD analog read out voltage [23] . Therefore, the sum of pixel values,
, is also proportional to the fluence rate. So, we write Here γ is the proportional constant term. 
where the constant term is given by c 0 = ln (A 0 /γ ). From (31) we see that the logarithmic decay of the intensity with increasing source-detector separation can be approximated by a line with a slope of −μ e . The source-detector separation r can be computed using the geometry of the sample of the turbid medium. The pixel intensity I (r s , r d,CC D ) can be found from the CCD camera image. So, we can determine the effective attenuation coefficient from the measured light intensity by fitting the experimental data to the Eq. (31) and then using (18) . Arridge and Lionheart showed that with a continuous wave source, it is not possible to separate μ s from μ a , uniquely [24] . To circumvent this problem, Minagawa et al. selected the absorption coefficient of the water from the literature for μ a , then measure the scattering coefficient only by fitting the effective attenuation coefficient μ e [25] . In a similar fashion, we determine the absorption coefficient of an inclusion for a known reduced scattering coefficient value. Then, we utilize (18) to obtain the absorption coefficient.
III. MECHANICAL AND SPECTRAL PROPERTIES ESTIMATION USING BDI AND TIS METHOD
A. Mechanical Properties Estimation Using BDI Method 1) Size:
For the BDI size estimation method, the laser diode and TIS are moved in parallel simultaneously along x-axis. The diffuse images were collected and processed. Then using eqs. (31) and (18), the absorption coefficient is determined for each position of laser diode. After this, the absorption coefficient versus position graph is plotted. We search the location and boundary of embedded object by looking at the variation of absorption coefficient with respect to position. The region with higher absorption coefficient value with small variation is considered the size of embedded object, l as shown in Fig. 6 .
2) Depth: After the size estimation, the laser is positioned at the half-length point of the object. The laser is then maneuvered angularly keeping TIS in line of sight of the laser as shown in Fig. 6 . The laser scanning angle, θ was measured from the current position of the laser and the initial position of laser when the laser beam was perpendicular to the phantom. The distance of the laser rotational axis from the phantom is denoted by d. The depth of embedded object from one surface of phantom (on the laser side) is h, and from the other surface is b. The initial position of laser, the current position of the laser, the half-length of embedded object forms a triangle. From this triangle, we estimate the depth of embedded object from laser side of the phantom as
Here, s is the half-length of embedded object. For the depth estimation, the pixel intensity versus scanning angle is plotted. Then, we determine a point I θ on the pixel intensity graph where the inclusion does not lie in the line-of-sight of the source and the detector. At this point, the pixel intensity will be a few times higher (depending on phantom geometry) than that of the initial position of the laser. The initial position corresponds to the angle 0°and the angle corresponding to the point I θ is considered as θ . Then (32) is used for the depth estimation.
3) Elastic Modulus:
Elastic modulus is used to describe the stiffness of an object. It is defined as the slope of stress-strain curve in the elastic deformation region. The stress is defined as the force per unit area. The strain is defined as the fractional change of size because of stress. To calculate stress σ i for each tactile image, the following formula is used:
where F i are the applied forces, i is the index of applied forces, and A probe is the tactile sensor probe surface area. After that, the sizes of inclusion are estimated from μ a versus x plot for multiple force values. Multiple force values produce multiple size estimates. The strain is then calculated as:
where x i is the estimated size from i -th force and x i−1 is the previously estimated size. Finally, the elastic modulus is determined from the slope of stress-strain linear regression curve for a specific strain range.
B. TIS Method 1) Size:
The TIS size estimation algorithm is based on a 3D interpolation model built using tactile data. This model captures the dependency among applied normal force, F, number of pixels on the compression-induced image, N p , and the diameter of the imaged inclusion, l (F, N p ) . The tactile images were pre-processed before size estimation. We applied an intensity based threshold which was found from the histogram distribution of the phantom experiment data. Using the number of pixels and applied force information, we calculated the size of the tumor region from the following model,
2) Depth: For the depth estimation, we used a model based on depth and minimum force required to produce the first tactile image. This is given as follows:
where b is depth from one surface of the phantom, F min is the minimum force, c 1 and c 2 are constants determined from the experiment. Then the distance of inclusion from another surface of the phantom can be determined as follows:
where L is the total phantom length and l is the estimated inclusion length.
3) Elastic Modulus: For TIS method, the stress is calculated using Eq. (33) . To estimate the strain ζ i for each pair of tactile images, the following formula is used [26] :
where S i is the sum of pixel values of tactile image captured with i -th force and S min is the sum of pixel values of tactile image captured at minimum force level. Lee showed that the sum of pixel intensity change of the tactile image relates linearly to the probe indentation change [27] . Therefore, we use the sum of pixel intensity change for the strain calculation. Finally, the elastic modulus is determined from the stress-strain curve.
C. Spectral Properties Estimation Using BDI
We assume that the chromophores contributing to the absorption coefficient are principally oxyhemoglobin and deoxyhemoglobin. Then, the absorption coefficient of tissue can be expressed as a linear combination of chromophore concentrations: T HC , which are often substantially different in rapidly growing tumors. 
IV. EXPERIMENTAL RESULTS
A. Bimodal Phantom With Mechanical and Optical Properties
In order to validate the BDI method, we fabricated a bimodal phantom that emulates both mechanical and optical properties of human breast. The phantom was rectangular cube shape with an embedded cube shape inclusion. The elastic modulus (E) of the inclusion (tumor region) was kept higher than that of the background (tissue region) since the breast tumor tends to be stiffer than the surrounding tissue [10] . The tissue region was fabricated using the RTV 6136-D1 base agent ("A" component) and curing agent ("B" component) weight ratio of 1:1.3; the tumor region had A:B weight ratio of 1:10. The elastic moduli were determined by using the Instron material properties testing equipment. The tumor was embedded at 6 mm depth (h) from one surface of the phantom. The scanning length (l d ) of the cube shape tumor was calculated as 11.90 mm from its diagonal length because of its orientation as shown in Fig. 7 . The absorption coefficient (μ a ) of the human breast tissue ranges from 0.02-0.12 cm −1 ; for the reduced scattering coefficient (μ s ) the range is 6-15cm −1 [29] . In order to keep the optical coefficient values similar to the human breast tissue, we added carbon black and titanium dioxide (TiO 2 ) as absorbing and scattering agents with PDMS, following a recipe given in [30] . The coefficients were then measured by a diffuse optical tomography instrument developed by the researchers in the University of Pennsylvania [30] . The tumor region had higher absorption coefficient value compared to the tissue region. The reduced scattering coefficient were kept similar for both regions and satisfied the assumption μ s μ a . Table I lists the mechanical and optical properties of the bimodal phantom.
B. Experiment Protocol
First the bimodal dynamic imaging system was operated in the tactile mode. In this mode, the laser diode was turned off and the light emitting diode inside the tactile imaging sensor was turned on. The images were collected for 0-20 N forces with 1 N interval. For each force instance we captured a tactile image of 752×480 pixel. The images were then processed, and analyzed for determining the mechanical properties of the embedded object.
Next, the bimodal dynamic imaging system was operated in the diffuse optics mode. In this mode, the near infrared laser was turned on, and the LED inside the tactile imaging sensor was turned off. A shielding box was used to enclose the experimental setup for minimum ambient light interference. The laser and TIS was simultaneously moved in parallel along x-axis at 2 mm step interval. The first laser position (x, z) were on (22 mm, 34 mm) and the last laser position were (76 mm, 34 mm). The desired trajectory for TIS was planned using a ruler and a slide caliper. The laser motion was controlled by the linear motion controller; at the same time TIS was moved manually following the pre-planned trajectory. For each source position, we obtained 380×380 pixel image. In the image pre-processing phase, we applied a brightness threshold value 40. For edge smoothing, we applied the Gaussian filter (with window of 9×9 and variance = 1) on the images. Using the filtered images, we plotted ln(ρ 2 I (ρ)) versus ρ. From this plot, we obtained the least square regression line. Comparing the slope of this regression line with the coefficient of ρ in (31), we calculated the effective attenuation coefficient μ e . For calculating the absorption coefficient μ a , we used the reduced scattering coefficient of the background region of the phantom in (18) . The size experiment was repeated ten times for two different wavelengths, 635 nm and 808 nm.
The size experiment was followed by the depth experiment. The laser was put at the position where the beam was incident on the center of the embedded object. This was the initial position corresponding to 0°. We moved the laser angularly, keeping TIS in the line-of-sight both clockwise and anticlockwise. The desired trajectory for TIS was planned using a ruler, a slide caliper, and a protractor. The laser was moved using the yaw gimbal of a two-axis gimbal, and TIS was moved manually following the pre-planned trajectory. The laser was moved angularly from 0°to −12°and 0°to 12°w ith 1°interval. The distance between the laser rotation axis and inclusion d was measured as 81 mm. The images were collected and analyzed for the depth estimation using (32) . The depth experiment was repeated ten times for 635 nm laser.
In the BDI elastic modulus experiment, we collected images for horizontal position of 35 mm, 44-62 mm, and 68 mm. We used TIS and BDI size experiment results to choose these horizontal position ranges. For the object location and its boundary with the background, we moved the laser source and camera at a step of 1 mm for 44-62 mm range. At each position, we applied 0-20 N force with 1 N interval and captured the images simultaneously. This experiment was performed with 635 nm laser. For the BDI size estimation, we obtained μ a versus x graph as shown in Fig. 8 for 635 nm and Fig. 9 for 808 nm. For each laser position, the mean value of μ a with one standard deviation was shown as errorbar. The embedded inclusion location was estimated by observing the graph, where a sharp rise and a fall occurred. We estimated the inclusion (tumor) location between x = 46 mm to 58 mm. For both wavelengths, the size was found to be 12 mm.
C. Results
1) Size Estimation
2) Depth Estimation:
The depth of the inclusion from TIS side surface b was determined as 2.47 mm from the tactile images. Then we estimated the depth of embedded object from the laser side surface h as 3.49 mm.
For the BDI depth estimation, we plotted the sum of pixel intensity against the scanning angle as shown in Fig. 10 . We observed that for this phantom, the pixel intensity increased at a higher rate after the pixel intensity became approximately two times higher than the initial position (0°). We found two such points on the intensity graph and their horizontal axis difference was 2θ = 8°. Therefore, we considered θ as 4°, and calculated the depth h as 4.76 mm using (32) .
3) Elastic Modulus Estimation: In order to determine elastic modulus, we calculated stress and strain using the BDI and TIS methods. From stress-strain curve, we obtained the linear regression curve for 40% strain. The TIS elastic modulus was found to be 11.34 kPa; the BDI elastic modulus was found to be 89.48 kPa. The size, depth and elastic modulus estimation results are shown in Table II .
4) Absorption Coefficients and Chromophore Concentrations Estimation for Tissue and Tumor Region:
After locating the tumor (embedded inclusion) region, we calculated the average absorption coefficients of tissue and tumor region for 635 nm and 808 nm. The tissue absorption coefficients were 0.0611 cm −1 and 0.1030 cm −1 for 635 nm and 808 nm. The tumor absorption coefficients were 0.2506 cm −1 and 0.3421 cm −1 for 635 nm and 808 nm. See Table III for the absorption coefficient values. Then, we estimated the chromophore concentrations of oxygenated and deoxygenated hemoglobins using (40), and finally the total hemoglobin concentration and blood oxygen saturation. Fig. 11 shows quantitative bar graphs of three physiological properties, oxygenated hemoglobin concentration [HbO 2 ], total hemoglobin concentration, THC, and 
V. DISCUSSIONS AND FUTURE WORKS
In this paper, a bimodal dynamic imaging system was constructed. In order to verify the performance of the system, we measured the size, depth, and elastic modulus of an embedded inclusion inside a bimodal phantom. These measurements were compared to the TIS measurements. Also, we estimated absorption coefficients and chromophore concentrations of the tissue and tumor region of the bimodal phantom.
The experiments showed that BDI provides a better size estimation than TIS. The TIS size estimation error was 7.23% whereas the BDI method showed 0.80% error. The BDI size estimation was performed using 635 nm and 808 nm laser. In both cases, we found the estimation was same. The improved result of BDI was obtained at the cost of hardware and computation resources. For the depth estimation, the BDI method produced less error (20.00%) compared to the TIS only method (41.83%). In case of elastic modulus measurement, BDI showed 74.79% error, and TIS showed 96.80% error. The elastic modulus of soft tissue and cancerous tumor ranges from 10 kPa to 1 MPa [10] . Because of this large range, even with 100% elastic modulus measurement error, BDI can satisfy a resolution requirement of 1% of the entire variation range. Similar argument was given by Egorov and Sarvazyan in case of a large variation of elastic modulus measurement by their breast mechanical imager [31] . Strictly speaking, both TIS and BDI methods do not consider the effect of the soft indenter. TIS has a soft probe (indenter), so there is a mutual displacement of indenter and object during compression. We assume that this error is included in the total measurement error. Also, in our solid phantom the harder object (355 kPa) was embedded inside a softer background (45 kPa). Therefore, the probed area is not homogeneous and isotropic. The probed area consisting of two different elastic moduli lowered the effective elastic modulus of the region than that of the object. We only considered the inclusion elastic modulus for comparison. In the BDI method, the strain calculation is dependent on the positioning of the source and sensor. In our experimental setup, the minimum distance travelled by the laser and the camera is 1 mm. This pose a limitation for the strain calculation.
The accuracy of BDI method relies on the spectral property measurement of the inclusion and tissue background. We estimated the average absorption coefficients of tissue region with 25% error, and tumor region with 14-16% error. Using a similar spectral properties estimation method, Minagawa et al. reported the reduced scattering coefficient μ s with deviations of 23%-34% compared to a commercial time-resolved spectroscopy instrument measurement [25] . The embedded inclusion was surrounded by tissue background, therefore, the variations of absorption coefficient values in tumor region were observed in the BDI measurement.
The BDI measurement revealed an increase in THC for tumor compared to normal tissue. The increase in THC is associated with increased angiogenesis, a correlate of malignant development [32] . The similar trend was reported when the measurement was performed by photon migration spectroscopy [33] , MR-guided diffuse optical spectroscopy [6] , diffuse optical tomography [22] , and ultrasound guided diffuse optical tomography [34] . The blood oxygen saturation StO 2 did not show a significant difference between normal tissue and tumor. Choe also did not find StO 2 as a significant discriminator [22] , though Tromberg reported a lower StO 2 in tumor compared to normal tissue [33] . In the future, to demonstrate the utility of the BDI method in distinguishing benign and malignant tumros, we shall perform the measurement on blood phantoms and in-vivo patients. Also, both the source and detector will be mounted on the mechanical scanning platform capable of precise positioning.
VI. CONCLUSIONS
In this paper, we designed and experimentally evaluated a novel BDI system for estimating the size, depth, elastic modulus, and absorption coefficient of embedded inclusion. The system performance in characterizing mechanical properties was then compared to that of the tactile imaging sensor. The proposed BDI method was experimentally validated using fabricated bimodal phantom. The experimental results showed that TIS estimated the tumor phantom size with 7.23% error; BDI measured the size with 0.8% error. The TIS depth estimation error was 41.83%; BDI reduced the depth measurement error to 20.00%. The TIS elastic modulus estimation error was 96.80%; the BDI method showed 74.79% error.
